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Abstract
Porous-ceramic, thermal protection systems were used heavily on the Orbiter, and they are currently being used on the next generation of 
US manned spacecraft, Orion.  These systems insulate reentry critical components of a spacecraft against the intense thermal
environments of atmospheric reentry.  Additionally, these materials are highly exposed to space environment hazards like solid particle
impacts.  This paper discusses impact studies up to 10 km/s on nominally 8 lb/ft3 alumina-fiber-enhanced-thermal-barrier (AETB8) tiles 
coated with a toughened-unipiece-fibrous-insulation/reaction-cured-glass layer (TUFI/RCG). A first principles impact model that 
describes projectile dispersion is described that provides excellent agreement with observations over a broad range of impact velocities, 
obliquities and projectile materials.
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society.
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Nomenclature
A bow shock area
c sound speed/zero intercept of shock wave versus particle velocity
f integrating factor for first order differential equation
areal density
P penetration depth
r radius
s slope of shock wave versus particle velocity
t time
u particle/center of mass velocity
U shock wave velocity
w width
x instantaneous depth
Y compressive crush strength
Greek symbols
reduced mass
angle
density
expansion ratio
normalized position/radius
normalized compressive strength
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 normalized particle/shock wave velocity 
Subscripts 
i impact 
f final 
o tile 
p projectile 
T TUFI/RCG 
 semi-infinite 
 perpendicular 
 parallel 
1. Introduction 
Porous-ceramic tiles insulate atmospheric reentry vehicles from reentry plasmas generated by atmospheric braking from 
orbital and exo-orbital velocities [1].  Due to the necessity that these materials create a temperature gradient of 
approximately a thousand Kelvin over their thickness, it is important that these materials are near their pristine state prior to 
reentry.  These tiles are also in general on exposed surfaces to space environment threats like orbital debris and meteoroids 
leaving a probability that these exposed surfaces will be below their prescribed values [2].  
 Owing to the typical small size of impact craters in these materials, the local flow fields over these craters afford some 
margin in thermal protection designs for these locally reduced performance values.  In this work, tests to develop ballistic 
performance models for thermal protection materials typical of those being used on Orion are discussed.  A density profile 
as a function of depth of a typical tile and substructure system is shown in Fig. 1a.  From right to left, the figure shows the 
high density TUFI/RCG layer which tapers to the density of tile with its rear densification layer and the bonding pad and 
substrate to the extreme left.  The TUFI/RCG layer provides both handling and water proofing benefits, but it also provides 
a relatively high shock wave impedance material to push impacting materials to a higher pressure on impact.  If the stresses 
that result from an impact at an impact velocity, ui, are high enough to fragment/melt the projectile, the material 
decompresses extensively as it propagates in the highly porous tile at a particle velocity, u, resulting in scattered fragments 
and a diffusion of molten material as shown in Fig. 1b.  The expansion ratio, , is the measure of diffusion of the 
fragmented/melted projectile and TUFI/RCG layer and is determined from the cavity radius, r, and instantaneous depth, x.  
Due to the expansion of the material, the projectile and TUFI/RCG impact remnants are stopped over a reduced depth with a 
significant transfer of kinetic energy to thermal energy in the porous tile due to pore collapse.  These processes make the 
initial sound speed negligible in comparison to particle velocities, thus, the shock wave velocity, U, is approximately 
proportional to the particle velocity. 
The acceptability of a locally reduced thermal protection system is limited with the key limit being a direct impingement 
of the reentry plasma on spacecraft structure.  For regions of the vehicle that are subjected to the most intense reentry 
environments, this limit of acceptability can also be realized even if the structure is not directly exposed.  For these cases the 
plasma within the cavity ingests enough energy from the flow field exterior to the tile to create a strong temperature gradient 
that heats structural elements above their safe operating condition despite the presence of residual thermal-protection 
material.  The remaining thickness of insulating material after an impact is then an important parameter describing the 
worthiness of the vehicle to reenter.  As such, the depth of penetration is the principal observable required when testing the 
 
Fig. 1.  (a) Density profile experienced by a projectile and (b) dispersion of impact debris in the low density tile. 
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performance of these materials to the orbital debris and meteoroid environments.  In the testing reported here, these 
materials have been impacted with projectiles typical of the orbital debris environment and surrogate to the meteoroid 
environment to determine the depth of penetration.   
-stage gas guns to  8 km/s and at 
-stage gas gun to  10 km/s [3].  Both facilities are capable of precision 
measurements of pre-test projectiles, impact velocities to ±0.2 km/s and projectile integrity verification prior to impact.  
Test conditions and post-test characterization are from Hypervelocity Impact Technology (HVIT) group. 
2. Materials and Methods 
This effort has performed 40 fully characterized shots where the main projectile cavity is within the tile and minimal 
bonding pad damage has occurred.  In Fig. 2 a pair of orthogonal X-ray views of a 60° to tile surface normal impact is 
shown with titanium powder enhancement to increase contrast along with the measured paramters.  The uppermost high-
contrast plane in the views is the TUFI/RCG layer and the lowermost is the densification layer.  The damage measurement 
normal to the TUFI/RCG layer is the maximum depth of penetration, P, and the damage measurements parallel to the 
TUFI/RCG layer are the width.  The width in the direction of the impact vector is the parallel width, , and the width 
orthogonal to both the impact vector and tile surface normal is the perpendicular width, .  The shots characterized in this 
manner are summarized in Table 1.  3), aluminum 2017-T4 (2.796 g/cm3) and steel 440C (7.68 g/cm3) 
projectiles with impact angles ranging from impacts normal to the target surface to 70° to the target surface normal and 
impact speeds ranging from 3 to almost 10 km/s have been considered.  Along with the variable impact conditions, two 
nominal areal densities of TUFI/RCG, 0.209±0.012 and 0.158±0.009 g/cm2, have been considered.  For the cases where the 
cavity enters the rear densification layer, the depth of the cavity is taken as the sum of the thickness of the tile and the ratio 
of the fractional penetration of the densification layer to the bulk tile density. 
The transmitted angle, , from the impact records is the angle such that the perpendicular width forms an isosceles 
triangle within a box created by the parallel width and the penetration depth as shown in the upper X-ray views of Fig. 2, 
and it can be calculated by 
 

 
The transmitte angle represents the point of deepest cavity penetration.  The side of the isosceles triangle represents the edge 
of the cone as shown in Fig. 1b, and the ratio of the penetrated depth to the cosine of the transmitted angle relates the 
oblique impact cavity measurements to the normal impact case.  Along with the transmitted angle, the expansion ratio from 
the impact records is found using  
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Fig. 2.  Orthogonal views and measured parameters from a typical X-ray of a titanium-powder-enhanced impact crater for an off-
normal impact. 
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
3. Theory 
A model has been developed from a Lagrangian form of the combination of the continuity, a simplified kinematic form 
of the equation of state and the momentum conservation equation [4-5].  Starting with the momentum conservation equation 
in a frame at rest with the particle along the propagation direction 
 
 
 
The terms  and , are the effective areal density of the spherical projectile (  where  and  are the 
projectile density and radius, respectively) and the TUFI/RCG areal density.  The terms , ,  and  are the initial 
density of the tile, the compressed density of the tile, the compressive crush strength of the tile and the projected area of the 
bow shock wave, respectively.  The kinematic form of the equation of state is assumed for these highly porous materials to 
be  where  is the linear relationship between the particle velocity and the shock wave velocity [6]. 
The left-hand side is the momentum changes experienced by the control volume including the projectile and the 
accelerated target material.  The right-hand side includes the forces applied at the surface to the control volume.  These 
(3) 
Table 1. Summary of test results including the areal density of the TUFI/RCG layer, , the projectile diameter, , and 
density of the projectile, , the impact speed, , and obliquity, , and the penetrated depth, P, and cavity width 
perpendicular, , and parallel, , to the flight direction. 
HITF #  
(g/cm2) 
 
(mm) 
 
(g/cm3) 
 
(km/s) 
  
(°) 
P 
(cm) 
  
 (cm) 
 
 (cm) 
7468 0.209 0.5 2.796 7.04 0 1.15±0.10 1.00±0.10 1.00±0.10 
7469 0.209 1.2 2.796 7.00 0 3.80±0.40* 2.05±0.20 2.05±0.20 
7470 0.209 1.5 2.796 4.20 45 3.15±0.15 2.10±0.20 3.35±0.25 
7471 0.209 1.5 2.796 6.97 60 2.95±0.20 2.55±0.35 3.60±0.25 
7472 0.209 1.6 1.14 7.15 30 2.65±0.15 2.50±0.20 2.60±0.30 
7473 0.209 0.8 7.68 6.95 60 2.30±0.10 1.85±0.25 3.20±0.45 
8297 0.209 0.5 2.796 7.88 0 1.20±0.15 1.05±0.10 1.05±0.10 
8313 0.209 0.8 2.796 9.13 0 2.25±0.15 1.70±0.20 1.70±0.20 
9189 0.209 0.8 2.796 7.13 0 2.10±0.15 1.75±0.20 1.75±0.20 
9190 0.209 1.6 2.796 3.64 45 3.50±0.30 2.30±0.20 3.50±0.30 
9191 0.209 0.5 7.68 4.19 45 1.60±0.25 1.10±0.20 1.60±0.20 
9234 0.158 0.5 2.796 7.24 0 1.30±0.15 0.95±0.10 0.95±0.10 
9235 0.158 1.0 2.796 7.19 0 3.25±0.25* 1.50±0.20 1.50±0.20 
9252 0.158 0.5 2.796 8.28 0 1.35±0.15 1.05±0.10 1.05±0.10 
9253 0.158 0.8 1.14 8.17 0 1.30±0.15 1.15±0.15 1.15±0.15 
9271 0.158 1.0 2.796 4.16 0 2.80±0.30* 1.50±0.15 1.50±0.15 
9308 0.158 0.8 2.796 9.26 0 2.50±0.25 1.90±0.20 1.90±0.20 
9310 0.158 1.3 2.796 9.15 60 2.95±0.40 2.50±0.20 3.75±0.20 
9311 0.158 1.2 2.796 9.24 70 2.35±0.10 2.55±0.15 2.95±0.20 
9312 0.158 1.6 1.14 9.36 45 2.70±0.25 2.50±0.40 2.85±0.30 
9313 0.158 0.8 2.796 9.65 0 2.70±0.25 2.00±0.20 2.00±0.20 
9314 0.209 1.3 2.796 9.18 0 4.20±0.40* 2.55±0.20 2.55±0.20 
10196 0.158 0.7 2.796 9.90 70 1.35±0.10 1.50±0.15 1.65±0.25 
10197 0.158 0.7 2.796 9.83 45 1.95±0.20 1.70±0.20 2.20±0.20 
10198 0.158 0.45 7.68 9.40 0 2.40±0.15 1.25±0.10 1.25±0.10 
10199 0.158 0.5 7.68 9.56 45 2.15±0.10 1.40±0.15 2.15±0.15 
10203 0.158 0.5 7.68 7.00 0 2.85±0.10 1.20±0.10 1.20±0.10 
10204 0.158 0.6 7.68 6.95 45 2.40±0.10 1.40±0.10 2.50±0.20 
10205 0.158 0.6 7.68 6.94 60 1.90±0.10 1.50±0.15 2.70±0.25 
10206 0.158 0.65 7.68 5.87 45 2.50±0.15 1.25±0.15 2.60±0.20 
10207 0.158 0.8 7.68 4.19 45 3.30±0.40 1.40±0.20 3.35±0.20 
10210 0.209 0.6 7.68 7.16 45 2.15±0.15 1.35±0.15 2.20±0.15 
10211 0.209 1.0 7.68 7.24 45 4.60±0.20* 2.10±0.20 4.45±0.20 
11149 0.158 1.6 1.14 4.16 60 1.95±0.10 1.90±0.20 2.00±0.15 
11150 0.158 1.4 1.14 4.06 0 2.10±0.15 1.55±0.25 1.55±0.25 
11151 0.158 1.4 1.14 5.99 0 2.40±0.10 2.10±0.20 2.10±0.20 
11152 0.158 0.8 2.796 5.97 0 2.25±0.10 1.35±0.15 1.35±0.15 
11153 0.158 1.2 1.14 7.43 0 2.50±0.15 2.05±0.20 2.05±0.20 
11154 0.158 1.8 1.14 6.79 60 2.65±0.15 2.80±0.20 3.50±0.20 
11155 0.158 1.8 1.14 5.90 0 3.30±0.10 2.60±0.20 2.60±0.20 
* Equivalent penetration depth due to penetration into the densification layer 
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surface forces include a hydrodynamic force from the pressure difference across the control volume and a mechanical force 
required to break the weak bonds between the silica microfibers.  In the determination of the stagnation pressure the 
material is assumed to undergo the initial anisentropic momentum flux addition and then isochorically slow to rest with the 
projectile over an infinitesimal layer. 
Converting to Lagrangian coordinates moving with the control volume, the momentum equation with the forces 
experienced by the advancing control volume on a per unit area basis yields 
 
  
 
Transforming the independent variable to correspond to the initial condition using the local radius, , as shown 
in Fig. 1 and dividing through by  one arrives at  
 
 
 
where  is the shock wave velocity of the projectile as it breaks through the TUFI/RCG layer. 
 Defining  yields a nondimensional form of the velocity profile given by  
 
 
 
where ,  and .  This first-order differential has the solution 
 
 
 
where  is the integrating factor for the ordinary differential equation given by 
 
 
 
 Performing an asymptotic expansion of Eqn. 8 at the initial condition  for  greater than one and at the 
condition  yields a simplified form of Eqn. 7 given by 
 
 
 
For the case where the projectile stops,  goes to zero and  
 
 
 
Under the impact conditions considered here,  is much smaller than unity making the numerator in the root approximately 
unity.  Using an approximation for the small but not negligible constant and the approximation that the linear slope between 
the shock wave and particle velocity is approximately unity yields a transcendental solution for the projectile mass given by 
 
 
 
where  is the final depth along the flight path.   
 
 The initial shock wave velocity has the limits of the impact velocity when , and a form of Eqn. 3 can be used 
to derive the initial velocity when .  An empirical model was developed in Ref. 5 that approached these limits 
  (4) 
  (5) 
(7) 
(8) 
  (6) 
(9) 
 (10) 
 (11) 
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neglecting projectile compressibility; however, with an average density, , of about 0.8 g/cm3 (50 lb/ft3) the TUFI/RCG 
layer is comparable to the projectile so that approach has been modified here to account for projectile compressibility in the 
deceleration process.  To this end, Fig. 3 shows an impedance matching treatment of aluminum (blue locus of shock wave 
states) and 0.8 g/cm3 porous silica (red locus of shock wave states) semi-infinite impact between the two materials.  The two 
curves represent the pressure that can be generated within the materials given a particle velocity that results from the 
compression of the two materials, and the intersection of the two curves represents the mass and momentum balanced 
particle velocity given a relative impact velocity.  The intersection shown as black curves in the figures is the equilibrium 
particle velocity, and the equilibrium particle velocity is shown for a range of impact conditions in the right-hand figure.  
Along with the equilibrium particle velocity, a simplifying approximation for the relationship between the equilibrium 
particle and impact velocity is given by 
 
 
 
and is shown as the dashed orange curve in the right hand figure; hence, Eqn. 12 is a good approximation to the effect of 
compressibility on semi-infinite particle velocity.  By inspection it can be seen that this relationship goes to the appropriate 
limit of one half the impact velocity for a symmetric impact.  The terms , ,  and  are the linear coefficient and zero 
intercept between the particle and shock wave velocity for the projectile and TUFI/RCG layer. 
 As the shock wave has approximately constant passage velocities through the finite thickness of the TUFI/RCG layer 
and the projectile, the condition for semi-infinite behavior can be determined from the ratio of shock wave passage times 
through the respective finite material given by  
 
 
 
This expression can be further simplified based on observations from shock wave experiments [7-9] due to an approximate 
constant four-fold peak compression of silica with an initial density of 0.8 g/cm3 as seen in Fig. 4 (blue) and a three-fold 
peak compression of silica with an initial density of 1.15 g/cm3 (red).  These peak compressions correspond to linear slopes 
of 1.33 and 1.5 for the initial densities of 0.8 and 1.15 g/cm3, respectively.  Using these shock wave experiments as a guide 
for determining the linear slope of the TUFI/RCG layer yields , and the nearly constant compression indicates that 
the zero intercept is negligible for high particle velocities. 
 For the greater than unity ratio of passage time, the average particle velocity can be taken as the mass ratio of material 
that is moving at the semi-infinite velocity and the material that is still advancing at the impact velocity 
 
(13) 
 (12) 
 
Fig. 3.  Impedance matching and particle versus impact velocity for a semi-infinite impact of aluminum on TUFI/RCG. 
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which by inspection can be seen to go to  when  and to  when the ratio of passage time goes to unity.  For the 
less than unity ratio of passage time, the expansion of the shock wave compressed material is negligible due to the thinness 
of the TUFI/RCG layer, and the compressive crush strength of the TUFI/RCG layer is negligible compared to the shock 
wave strength.  These properties result in a simplified form of Eqn. 5 in terms of the particle velocity given by 
 
 
 
Dividing through by , one arrives at the nondimensional form: 
 
 
 
where  and .  Eqn. 16 is easily integrated from the initiation condition such that 
 and , to the exit condition of the TUFI/RCG layer,  and , yielding  
 
 
 
which can also be seen to go to  when the ratio of passage time goes to unity.   
The final undefined parameter of Eqn. 11 is the expansion ratio.  In Ref. 5 an empirical relationship was developed for 
this quantity; however, with the introduction of compressibility effects in the initial particle velocity the expansion ratio can 
be determined from an energy balance of the TUFI/RCG material assuming the shock wave compressed TUFI/RCG 
material thermally releases from its center of mass velocity determined from Eqns. 14 or 17 at the compressed sound speed, 
, yielding 
 
 
 
For materials like the porous TUFI/RCG with shock wave states along an isochor the sound speed can be shown to be 
related to the linear coefficient and the particle velocity, .  An energy balance is used in Eqn. 
18 to determine the fraction of thermal energy to initial energy to scale the thermal expansion ratio.  This expansion is 
(15) 
(16) 
(14) 
(17) 
(18) 
 
Fig. 4.  Compression dependence of 1.15 g/cm3 (red) and 0.8 g/cm3 (blue) silica on particle velocity.  The curves are from shock wave 
versus particle velocity slopes of 1.5 and 1.33, respectively. 
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shown in Fig. 5 for aluminum projectile impacts onto lightweight TUFI/RCG coated tiles as a function of areal density ratio 
and impact velocity.  As can be seen when the TUFI/RCG is dominant the expansion ratio approaches a half and decreases 
as more impact energy is retained as kinetic energy.  
To compensate for impact obliquity, the amount of TUFI/RCG the projectile interacts with is along the flight path, and 
as the areal density is determined from the normal thickness, the areal density of the TUFI/RCG layer areal density in the 
initial velocity equation is the ratio of the thru thickness areal density and the cosine of the impact obliquity.  As the shock 
wave compressed TUFI/RCG layer will follow the path of least resistance, it will tend to come off normal to the TUFI/RCG 
layer and the projectile will tend to continue along the flight path.  This tends to spread the impact debris in the direction of 
flight resulting in a transmitted angle that can be found from the mass average of projectile and TUFI/RCG layer 
 
 
 
As the depth normal to the TUFI/RCG layer is the desired parameter and the depth of Eqn. 11 is the center of mass 
depth, the penetrated depth normal to the TUFI/RCG layer depth can be found by the product of the center of mass depth 
and the cosine of the transmitted angle per Fig. 2.  
4. Results 
Equation 11 along with the closure parameters of initial particle velocity given by Eqn. 14 or 17, the expansion ratio 
given by Eqn. 18, and obliquity effects given by Eqn. 19 represent the necessary relationships to define the ballistic 
performance of TUFI/RCG coated porous ceramic tiles.  The initial velocity closure parameter cannot be directly recovered 
from the impact records; however, as the expansion ratio and the penetration both depend on the initial velocity an indirect 
confirmation of this property is implied from the impact records.  Figure  6 shows a comparison of the modelled expansion 
ratio from Eqn. 18 to that determined from the cavity records of Table 1from Eqn. 2 where both normal and oblique impacts 
are shown with the areal density of the TUFI/RCG taken as .  Uncertainties in the abscissa are determined from 
measurement uncertainty of the cavity width and depth, and the uncertainties in the ordinate are from the areal density of the 
 figure 
demonstrating the strong dependence of expansion ratio on the TUFI/RCG layer itself.  
Figure 7 shows a comparison of the modelled transmitted angle from Eqn. 19 to that determined from the cavity records 
of Table 1 from Eqn. 1.  Uncertainties in the abscissa are determined from measurement uncertainty of the cavity widths and 
steel projectiles are all represented in the figure.  
 
 
(19) 
 
Fig. 5.  Expansion dependence of Al projectile to TUFI/RCG areal density and particle velocity. 
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Figure 8 shows a comparison of the modelled critical mass from impact records to the measured projectile mass.  In the 
solution of Eqn. 11 the tile properties are taken as the measured density of the test specimens, 0.135 g/cm3 (8.5 lb/ft3) and 
the compressive crush strength at full pore collapse 2.4x107 dyn/cm2 (350 psi).  Uncertainties in the abscissa are determined 
from measurement uncertainty of the TUFI/RCG layer areal density, cavity perpendicular/parallel widths and depth, and the 
uncertainties in the ordina
are all represented in the figure demonstrating the strong dependence on tile properties.  
 
 
 
 
 
Fig. 7.  Comparison of calculated and cavity record transmitted angle. 
 
Fig. 6.  Comparison of calculated and cavity record expansion ratio. 
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5. Conclusions 
 Using the data obtained from hypervelocity impact tests of TUFI/RCG coated porous ceramic tiles, a model using the 
material equation of state and strength properties of the tiles has been developed that explains these findings and facilitates 
extrapolation to alternative tile configurations and impact conditions.  The model addresses the initial interaction and 
deceleration of the projectile with a high density layer and the resultant expansion and arrest of the impact debris in the low 
density tile.  Solving the transcendental equation for critical mass to a given penetration depth can then be used to define the 
ballistic performance limit of TUFI/RCG coated porous ceramic tiles.  Future work is necessary to understand the 
implications of dissociation and ionization of the low density material, and the penetration of the solid fragments beyond the 
main cavity.  Exploration of the possibility of extending these concepts to double-wall materials is also being considered 
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Fig. 8.  Comparison of calculated critical mass to measured mass. 
